Thalamocortical (TC) projections provide the major pathway for ascending sensory information to the mammalian neocortex. Arrays of these projections form synaptic inputs on thalamorecipient neurons, thus contributing to the formation of receptive fields (RFs) in sensory cortices. Experience-dependent plasticity of RFs persists throughout an organism's life span but in adults requires activation of cholinergic inputs to the cortex. In contrast, synaptic plasticity at TC projections is limited to the early postnatal period. This disconnect led to the widespread belief that TC synapses are the principal site of RF plasticity only in neonatal sensory cortices, but that they lose this plasticity upon maturation. Here, we tested an alternative hypothesis that mature TC projections do not lose synaptic plasticity but rather acquire gating mechanisms that prevent the induction of synaptic plasticity. Using whole-cell recordings and direct measures of postsynaptic and presynaptic activity (two-photon glutamate uncaging and two-photon imaging of the FM 1-43 assay, respectively) at individual synapses in acute mouse brain slices that contain the auditory thalamus and cortex, we determined that long-term depression (LTD) persists at mature TC synapses but is gated presynaptically. Cholinergic activation releases presynaptic gating through M 1 muscarinic receptors that downregulate adenosine inhibition of neurotransmitter release acting through A 1 adenosine receptors. Once presynaptic gating is released, mature TC synapses can express LTD postsynaptically through group I metabotropic glutamate receptors. These results indicate that synaptic plasticity at TC synapses is preserved throughout the life span and, therefore, may be a cellular substrate of RF plasticity in both neonate and mature animals.
Introduction
Cortical receptive fields (RFs) are formed by organized arrays of thalamocortical (TC) afferents projecting onto neurons in thalamorecipient layers of the cortex (Buonomano and Merzenich, 1998; Feldman and Brecht, 2005; Hensch, 2005; Liu et al., 2007) . Sensory experience alters RFs in sensory cortices, and this RF plasticity is thought to underlie sensory memory (Hubel and Wiesel, 1970; Gilbert, 1998; Weinberger, 2007a) . The cellular and molecular mechanisms underlying RF plasticity are not well understood. Long-term synaptic plasticity at TC synapses is thought to be a cellular mechanism that contributes to RF plasticity and sensory memories (Crair and Malenka, 1995; Feldman et al., 1999; Fox, 2002; Feldman and Brecht, 2005) . This theory is currently challenged by a disconnect between the age dependency of TC synaptic plasticity and that of RF plasticity.
RF plasticity can be induced in sensory cortices throughout the life span, although there are differences in how RF plasticity can be induced in young and adult animals. For instance, in the auditory cortex (ACx) of young animals, RF plasticity can be induced by enriching the environment with a single acoustic frequency (Zhang et al., 2001; de Villers-Sidani et al., 2007; Dorrn et al., 2010) . However, in mature animals, RF plasticity can be induced in the ACx only when the acoustic stimulus is behaviorally relevant (Keuroghlian and Knudsen, 2007) or is paired with the activation of sources or circuits of modulatory inputs (Bakin and Weinberger, 1996; Kilgard and Merzenich, 1998a; Ma and Suga, 2005) , suggesting that RF plasticity in mature animals is gated by modulatory circuits. In contrast, long-term plasticity at TC synapses can be induced in brain slices from animals only during an early critical period that in rodents occurs during the first few postnatal days (Crair and Malenka, 1995; Isaac et al., 1997; Feldman et al., 1998; Foeller and Feldman, 2004; Daw et al., 2007; Jiang et al., 2007) . These findings led to the notion that, upon maturation, long-term plasticity at TC synapses is lost, and the cellular substrate for RF plasticity shifts to other synapses (Foeller and Feldman, 2004; Feldman and Brecht, 2005 ).
Here, we tested an alternative hypothesis that long-term plasticity of TC synapses is not eliminated upon maturation but rather, similar to that of RFs in vivo, acquires gating mechanisms that prevent plasticity. To test this hypothesis, we used whole-cell recordings, two-photon glutamate uncaging (TGU), and twophoton imaging of presynaptic function to study long-term depression (LTD), a major form of long-term synaptic plasticity, at TC synapses of mice that had matured beyond the critical period.
We determined that LTD persists at mature TC synapses but is gated by presynaptic mechanisms. Release of these gating mechanisms occurs through activation of presynaptic M 1 muscarinic receptors (M 1 Rs) that increase sustainability of neurotransmitter release at thalamic afferents via downregulation of A 1 adenosine receptor (A 1 R)-dependent mechanisms. Release of presynaptic gating mechanisms thereby allows mature TC synapses to undergo LTD that is expressed postsynaptically and depends on group I metabotropic glutamate receptors (mGluRs).
Materials and Methods
Animals and agents. Mature male C57BL/6J mice (P35-P42; The Jackson Laboratory) or mature A 1 R Ϫ/Ϫ mice (backcrossed to the C57BL/6J genetic background for at least five generations) of both sexes were used in all experiments. The generation and genotyping of A 1 R Ϫ/Ϫ mice have been reported previously (Johansson et al., 2001) . The care and use of animals were reviewed and approved by the Institutional Animal Care and Use Committee of St. Jude Children's Research Hospital. All drugs were purchased from Tocris Bioscience, except ␣␤-methylene-ADP (␣␤-mADP), which was purchased from Sigma-Aldrich.
Brain slice preparation. Acute primary TC slices (400 m) containing the ACx and portions of the ventral part of the medial geniculate nuclei (MGv) of the thalamus were prepared as previously described (Cruikshank et al., 2002; Richardson et al., 2009) . Briefly, mouse brains were quickly removed and placed in cold (4°C) dissecting artificial CSF (ACSF) containing 125 mM choline-Cl, 2.5 mM KCl, 0.4 mM CaCl 2 , 6 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 20 mM glucose (300 -310 mOsm), with 95% O 2 /5% CO 2 . Primary TC slices were obtained from the left hemisphere by using a slicing angle of 15°. After a 1 h incubation in ACSF [125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 20 mM glucose (300 -310 mOsm), with 95% O 2 /5% CO 2 ] at room temperature, the slices were transferred into the recording chamber and superfused (2-3 ml/min) with warm (30 -32°C) ACSF.
Whole-cell electrophysiology. Whole-cell recordings were obtained from cell bodies of layer III/IV thalamorecipient neurons. Cell bodies of these neurons were found within the first 30 -50% of the slice from the pial surface and were visualized using laser-scanning Dodt contrast imaging (Dodt et al., 2002) . Patch pipettes (open pipette resistance, 4 -5 M⍀) were filled with an internal solution containing 125 mM CsMeSO 3 , 2 mM CsCl, 10 mM HEPES, 0.1 mM EGTA, 4 mM MgATP, 0.3 mM NaGTP, 10 mM Na 2 creatine phosphate, 5 mM QX-314, 5 mM tetraethylammonium Cl, and 10 -25 M Alexa 594 (pH 7.4 was adjusted with CsOH, 290 -295 mOsm). QX-314 was included to block the generation of action potentials in recorded neurons. Alexa 594 was added for visualization of dendritic structures during all experiments. Only neurons with dendritic spines (indicative of excitatory neurons) and a well established primary apical dendrite extending to the pial surface (indicative of pyramidal neurons) were chosen. In the ACx of many mammalian species, pyramidal (not stellate) neurons are the principal cells in the thalamorecipient layers (Lund, 1973; Feldman and Peters, 1978; Smith and Populin, 2001; Richardson et al., 2009) . In some experiments, the low-affinity calcium indicator Fluo-5F (300 M) was added to the internal solution. Neurons with any sign of dendritic damage were excluded from analysis.
Voltage-clamp recordings were made using a Multiclamp 700B (Molecular Devices), digitized (10 kHz; DigiData 1322A; Molecular Devices), and recorded using pCLAMP 10.0 software (Molecular Devices). EPSCs were recorded at holding membrane potentials of Ϫ70 mV. In some experiments, IPSCs were recorded concomitantly with EPSCs. IPSCs were recorded by switching holding membrane potentials to voltages that corresponded to EPSC reversal potentials (Ϫ10 to 0 mV). In all experiments, membrane potentials were corrected for a liquid junction potential of Ϫ10 mV. EPSCs and IPSCs were evoked by current pulses (100 s duration) delivered to thalamic afferents via tungsten bipolar electrodes (FHC) placed in the superior thalamic radiation, midway between the MGv and the ACx (rostral to the hippocampus). To ensure the specificity of LTD in thalamic inputs, independent intracortical inputs were concurrently tested with thalamic inputs by placing a second stimulating electrode in cortical layer I, ϳ200 m lateral to the recording pipette. Stimulation intensities (50 -300 A) were adjusted during each experiment to elicit 150 -200 pA EPSCs. In some experiments, inhibitory inputs were blocked using GABA A blocker picrotoxin. Because bath application of picrotoxin causes epilepsy-like activity in TC slices and prevents the reliable recording of TC EPSCs and IPSCs, picrotoxin (2-5 mM) was added to the intracellular solution as previously described (Inomata et al., 1988; Metherate and Ashe, 1993; Nelson et al., 1994; YazakiSugiyama et al., 2009 ). This effectively blocked IPSCs in recording neurons without inducing epilepsy-like activity in the slice.
It is generally challenging to ensure specific stimulation of thalamic afferents in TC slices using extracellular stimulation (Beierlein and Connors, 2002 ) because cortex and thalamus are reciprocally connected and their axons are adjacent. Furthermore, because thalamorecipient neurons in the cortex are interconnected, stimulation of TC afferents may polysynaptically activate intracortical feedforward excitatory synapses. Therefore, EPSCs recorded in layer III/IV cortical neurons may contain monosynaptic (TC) and polysynaptic (corticothalamic and/or corticocortical) components. We dissected a monosynaptic component using quantification of the initial slopes of EPSCs throughout the LTD experiments (see Fig. 1 ) (see below). Typically, EPSC slopes were chosen within the first 2 ms of the EPSC trace based on the uniformity of the slope. This measurement window was chosen based on the observation that IPSC initiation, which is activated bisynaptically, was delayed by ϳ2 ms after EPSCs (see Fig. 1b ). Indeed, initial slopes of EPSCs evoked by white matter stimulation had short onset latencies (Յ5 ms) (mean onset latency, 2.7 Ϯ 0.09 ms; 15 neurons) and low onset latency variability jitter (0.42 Ϯ 0.17 ms; 15 neurons), suggestive of activation of monosynaptic TC connections but not of detectable activation of polysynaptic connections during this 2 ms window.
To ensure consistent access resistance of the recording electrode during the entire experiment, we monitored the peak amplitude of a brief (10 ms) hyperpolarizing test pulse (Ϫ5 mV) given 250 ms after thalamic stimulation or glutamate uncaging. Access resistance in recorded neurons was typically 10 -25 m⍀ (17.30 Ϯ 0.83 m⍀; n ϭ 20). Recordings were discarded if access resistance was Ͼ25 m⍀ or if access resistance changed Ͼ20% during the course of the whole-cell recording.
Two-photon imaging and glutamate uncaging. Two-photon laserscanning microscopy was performed using an Ultima imaging system (Prairie Technologies), a Ti:sapphire Chameleon Ultra femtosecondpulsed laser (Coherent), and 60ϫ (0.9 NA) water-immersion infrared objectives (Olympus). To visualize dendrites and dendritic spines, we included Alexa 594 (820 nm excitation wavelength) in the intracellular solution. Dendritic spines were identified as protrusions emanating from a dendritic shaft. Based on previous data (Richardson et al., 2009) , dendritic spines that were within 100 m of the soma on basal or oblique dendrites were chosen as putative sites of thalamic inputs.
To identify active thalamic inputs, the fluorescent calcium indicator Fluo 5F (300 M) was added to the intracellular solution. Line scans (500 Hz) were performed through visible dendritic spines on dendrites of a recorded neuron, and calcium transients (i.e., changes in Fluo 5F fluorescence) were sought in current-clamp mode. Time-locked calcium transients in a dendritic spine in response to a single thalamic stimulation served as an indicator of an active thalamic input. Typically, several dozen spines were scanned during each experiment to identify a spine that responded to thalamic stimulation with a calcium transient. The following criteria were used to confirm that an identified dendritic spine was monosynaptically connected to a stimulated thalamic afferent: brief latency between stimulus and the onset of calcium transient (Ͻ5 ms), low variability in onset latencies (Ͻ1.5 ms), and peak calcium transients in a spine that were stronger than those in parent dendrites (Richardson et al., 2009) .
For TGU, 4-methoxy-7-nitroindolinyl-caged-L-glutamate (MNIglutamate) (2.5 mM) was added to the recording ACSF. The timing and intensity of glutamate uncaging were controlled by TriggerSync (Prairie Technologies). In typical experiments, we delivered 0.2-0.5 ms pulses from a second Ti:sapphire Chameleon Ultra laser (720 nm) to a targeted dendritic spine and recorded uncaging-induced EPSCs (uEPSCs). We delivered 6 -10 test pulses around the perimeter of the spine head to determine the optimal site of uncaging (determined as the maximal uEPSC). The duration and intensity of illumination of the uncaging laser was then adjusted to induce responses that mimic miniature spontaneous EPSCs, which were previously recorded in layer III/IV neurons and averaged ϳ10 -15 pA (Richardson et al., 2009) . We then used these uncaging parameters (site, laser duration, and laser intensity) to conduct the TGU-induced LTD (TGU-LTD) experiments.
FM 1-43 assay in thalamocortical slices. Two-photon imaging of FM 1-43 destaining of presynaptic boutons was performed as a modification of the method described previously (Zakharenko et al., 2002 (Zakharenko et al., , 2003 . A field of view in the ACx of an acute auditory TC slice was selected by performing whole-cell recording from a layer III/IV neuron to ensure that this neuron received monosynaptic thalamic inputs (see above). Thalamic stimulation intensity was adjusted to evoke 150 -200 pA EPSCs. After the field of view was selected, the whole-cell pipette was withdrawn, and FM 1-43 (5 M) was washed in for 20 -30 min. Dye loading of presynaptic boutons was performed by using 10 Hz thalamic stimulation for 2 min in the presence of NBQX (1.5 M) to avoid activation of postsynaptic neurons and to prevent polysynaptic activity. ADVASEP-7 (200 M; Biotium) was then washed in for 20 -30 min to remove the extracellular FM 1-43 dye. Loaded presynaptic boutons were visualized using two-photon imaging (900 nm). A series of 10 images at different focal planes was acquired every 30 s. Each image was 512 ϫ 512 pixels (33.6 ϫ 33.6 m), 0.066 m/pixel in the x-y-axes, and images were separated by 1 m steps in the z direction.
Images in each z-section series were aligned and analyzed using custom software written in Interactive Data Language (IDL) (ITT Visual Information Solutions). Images showing projections of maximal z-axis intensity were made for each subset of a given stack. Puncta were initially identified by a semiautomated procedure written in IDL based on two criteria: (1) fluorescence intensity Ͼ2ϫ SDs above the mean background and (2) diameter between 0.3 and 2 m.
Fluorescence measurements were made by spatially averaging signals over a region, centered over each of the identified puncta, for each time point, during the unloading protocol. Images at successive time points were checked for overlap to help track puncta, which underwent small random movements. Puncta that underwent considerable lateral movement or Ͼ20% loss of their fluorescent intensity without synaptic stimulation due to photobleaching were excluded from the analysis. The spatially averaged, activity-dependent fluorescence intensity of each punctum obtained at each time point during the unloading procedure was then normalized by the initial fluorescence intensity of that punctum following the FM 1-43-loading procedure before unloading. The unloading procedure consisted of 1 Hz synaptic stimulations for 15 min (same as the LTD induction protocol). This unloading procedure was followed by 10 Hz stimulation applied for 2 min to maximally release FM 1-43 from boutons. Decay of intensity during the 1 Hz unloading procedure was fitted to a single exponential function by using a custom-made routine written in IDL, and FM 1-43 destaining half-times (t 1/2 ) for every punctum were calculated. The rate of destaining for each punctum was expressed as 1/t 1/2 . Puncta for which fluorescence intensities during unloading could not be fitted to a single exponential function were not included in the analysis.
Long-term depression experiments. LTD was induced by either synaptic stimulation or TGU. Synaptically induced LTD was induced by a lowfrequency train (900 pulses at 1 Hz) of square electrical pulses (100 s) delivered to thalamic afferents. TGU-LTD was induced by an identical train of glutamate photolysis to a single dendritic spine. In all LTD experiments, baseline EPSCs were recorded using test stimulations in voltage-clamp mode (holding potential, Ϫ70 mV) for 5-10 min before induction of LTD. For synaptic experiments, we delivered a pair of test stimulations (0.05 Hz) with interstimulus interval of 50 ms. Paired-pulse depression of monosynaptic EPSCs ensured that we stimulated thalamic afferents. For TGU experiments, we delivered a train of single TGU pulses at 0.016 Hz. Both types of LTDs were induced in current-clamp mode while maintaining a steady resting potential of Ϫ70 mV using slow ( ϭ 5 s) current injection. After induction, the recordings were resumed in voltage-clamp mode at the same preinduction stimulation rate. In some experiments, we measured synaptically induced LTD of EPSCs and IPSCs by alternating membrane holding potentials between Ϫ70 mV and EPSC reverse potentials (Ϫ10 to 0 mV) as previously described (Froemke et al., 2007) . In addition, in most experiments, we monitored changes in EPSCs and IPSCs evoked by independent intracortical stimuli by alternating test pulses between thalamic and layer I stimulations at 0.05 Hz. In these experiments, the 1 Hz induction protocol was applied to thalamic but not to intracortical inputs. Pharmacological agonists or inhibitors were applied 15-30 min before induction of LTD and were washed out at the end of LTD induction.
LTD experiments were analyzed off-line. For synaptically induced LTD, we compared EPSCs (initial 2 ms slope) recorded 40 -60 min after LTD induction with baseline EPSCs recorded before LTD induction. For TGU-LTD, we compared uEPSCs recorded 35-60 min after LTD induction with baseline uEPSCs. During TGU-LTD induction, precautions were taken to ensure that the TGU induction protocol delivered 900 pulses to a dendritic spine without damaging it or its parent dendrite. We monitored the dendritic spine position to ensure that the site of photolysis did not drift Ͼ0.5 m during induction. The success of glutamate uncaging during LTD induction was also monitored by detecting uEPSPs. Experiments were discarded if TGU during LTD induction failed to produce detectable uEPSPs or if a targeted dendritic spine or its surrounding neuropil showed signs of distress due to local overheating. Durations and intensities of synaptic stimulation and TGU pulses remained constant throughout an experiment.
Statistical analyses. Data are represented as means Ϯ SEM. All statistics were computed using SigmaPlot and SigmaStat software (Systat Software). In FM 1-43 experiments, the differences in the mean values among treatment groups were analyzed using one-way ANOVA. Experimental groups were compared pairwise by using the Bonferroni t test. LTD expression was determined by paired t test if the normality (ShapiroWilk) test passed or by Wilcoxon's signed rank test if the normality test failed. LTD was considered significant if the p value of the test result was Ͻ0.05.
Results

Postsynaptic LTD persists at mature TC synapses
In this study, we used mice that had matured beyond the critical period for synaptic plasticity at TC synapses (P35-P42). In slices containing the auditory thalamus and ACx, we performed wholecell recordings from thalamorecipient layer III/IV excitatory neurons in the ACx (Fig. 1a ) and recorded EPSCs evoked by thalamic stimulation. Using two-photon imaging, we ensured that all recorded neurons were pyramidal neurons that have dendritic spines and an extended apical dendrite reaching the pial surface. As was shown previously, these pyramidal neurons are the predominant thalamorecipient cells in the ACx (Lund, 1973; Feldman and Peters, 1978; Smith and Populin, 2001; Richardson et al., 2009) . These neurons had an average resting membrane potential of Ϫ69.7 Ϯ 1.0 mV and an input resistance of 282.3 Ϯ 19.6 M⍀ (n ϭ 20). White matter stimulation evoked EPSCs in layer III/IV neurons with onset latency 2.70 Ϯ 0.09 ms (n ϭ 15) and low onset latency variability (0.42 Ϯ 0.17 ms; n ϭ 15). These EPSCs initiated 2.0 Ϯ 0.16 ms ( p Ͻ 0.01; 15 neurons) earlier than the onset of bisynaptic IPSCs recorded in the same neurons (Froemke et al., 2007) (Fig. 1b) , suggesting a monosynaptic nature of the initial slope of EPSCs evoked by activation of thalamic afferents. Consistent with previous reports (Stratford et al., 1996; Gil et al., 1999; Rose and Metherate, 2005; MacLean et al., 2006; Lee and Sherman, 2008) , pairs of thalamic stimuli produced pairedpulse depression of EPSCs (Fig. 1b) , whereas paired stimulation of the independent intracortical input produced paired-pulse facilitation (data not shown). After establishing that we were recording monosynaptic TC EPSCs, we next tested whether TC synapses underwent LTD. Consistent with the idea of a critical period for LTD at TC synapses (Daw et al., 2007) , a conventional induction protocol (900 electrical stimuli at 1 Hz) applied to thalamic afferents failed to produce LTD at mature TC synapses in the ACx (Fig. 1c) . The initial slope of EPSCs (Fig. 1b ) measured after this LTD induction protocol was 96.8 Ϯ 13.8% of the preinduction baseline EPSC slope [p ϭ 0.75; 0 of 11 neurons (0 of 11) showed a significant ( p Ͻ 0.05) decrease of the EPSC slope].
We hypothesized that if LTD acquires a gating mechanism, such a mechanism could be localized within the intricate TC circuitry that is presynaptic to thalamic inputs on layer III/IV neurons, and by bypassing this circuitry, we might unmask TC LTD. To this end, we used TGU to activate individual dendritic spines, the postsynaptic sites of thalamic inputs. Because TGU releases exogenous glutamate and thereby bypasses the release of endogenous neurotransmitter from presynaptic terminals, this method tests for only postsynaptic mechanisms of synaptic function (Matsuzaki et al., 2001 ). Previously, we determined that thalamic inputs preferentially synapse onto dendritic spines within 100 m of the soma (Richardson et al., 2009 ). We targeted these proximal spines with TGU ( Fig. 1d ) and evoked uEPSCs that mimicked miniature EPSCs (Richardson et al., 2009) . After establishing a stable baseline of uEPSCs at an individual dendritic spine, we applied the TGU-LTD induction protocol (900 TGU pulses at 1 Hz), which produced a robust LTD (TGU-LTD) (Fig.  1e) . The mean uEPSC measured after induction was 47.8 Ϯ 8.4% of baseline uEPSCs ( p ϭ 0.001; 5 of 6 neurons).
To ensure that LTD was induced in actual (rather than putative) thalamic inputs, we performed similar experiments at functional thalamic inputs identified by using the fluorescent calcium indicator Fluo 5F. We added Fluo 5F to the intracellular solution and first searched for dendritic spines that responded to a single electrical stimulation of thalamic afferents with a monosynaptic Figure 1 . Two-photon glutamate uncaging unmasks LTD at mature TC synapses in the ACx. a, Diagram of a TC slice from a mature (P35-P42) mouse containing the ventral portion of the medial geniculate nuclei (MGv), hippocampus (Hipp), and ACx. b, The top panel shows a representative trace of two EPSCs evoked by paired stimulation of thalamic afferents (50 ms interpulse interval). The middle panel depicts representative traces of EPSC and IPSC recorded at Ϫ70 and 0 mV holding potentials (V h ), respectively, and evoked by stimulation of thalamic afferents. The bottom panel of the same traces shows that the EPSC is evoked ϳ2 ms earlier than the IPSC recorded in the same neuron. The vertical bars show the time interval in which the monosynaptic component of the EPSC slope was measured. c, Stimulation (900 stimuli at 1 Hz) of thalamic afferents failed to induce LTD in thalamorecipient layer III/IV neurons. d, e, TGU (900 pulses at 1 Hz) induced LTD at putative thalamic inputs (d, yellow dot). f, g, Active thalamic inputs were identified (f, yellow dot), and TGU-LTD was induced at those inputs (g). The insets show representative EPSCs or uEPSCs (averaged from 5 traces) recorded before (1) and after (2) induction of LTD.
calcium transient (Fig. 1f ) . We regarded these dendritic spines as active thalamic inputs (Richardson et al., 2009) . After an active thalamic input was identified, we targeted this spine with TGU, established a stable baseline of uEPSCs at 0.016 Hz, and then applied the TGU-LTD induction protocol. Active thalamic inputs, similar to putative thalamic inputs, underwent a robust TGU-LTD (56.3 Ϯ 11.5% of baseline; p ϭ 0.024; 4 of 5 neurons) (Fig. 1g) . Together, these experiments showed that long-term synaptic plasticity in the form of LTD is not eliminated at mature TC inputs. These experiments also showed that LTD at mature TC synapses can be expressed postsynaptically. The failure of synaptic stimulation to express LTD at these synapses also suggests that postsynaptically expressed LTD is gated by presynaptic mechanisms.
TGU-LTD depends on group I mGluRs
TGU-LTD showed features of postsynaptically expressed LTD previously described at other synapses (Malenka and Bear, 2004; Collingridge et al., 2010) . The calcium chelator BAPTA (10 mM) added to intracellular solution eliminated TGU-LTD (101.2 Ϯ 12.9% of baseline; p ϭ 0.916; 0 of 6 neurons) (Fig. 2a) , as did the nonselective mGluR antagonist ␣-methyl-4-carboxyphenylglycine (MCPG) (300 M) (93.8 Ϯ 4.7%; p ϭ 0.218; 0 of 9 neurons) (Fig. 2b ) and group I mGluR antagonists 2-methyl-6-(phenylethynyl) pyridine hydrochloride (MPEP) (10 M; mGluR 5 antagonist) and (Ϫ)-ethyl-(7E)-7-hydroxyimino-1,7a-dihydrocyclopropa[b]chromene-1a-carboxylate (CPCCOEt) (40 M; mGluR 1 antagonist) (101.8 Ϯ 9.6%; p ϭ 0.887; 0 of 5 neurons) (Fig. 2c) . The NMDA receptor (NMDAR) antagonist D-APV (50 M) (56.5 Ϯ 8.7%; p ϭ 0.001; 7 of 7 neurons) did not block TGU-LTD (Fig. 2d) . Thus, TGU-LTD depends on group I mGluRs and intracellular Ca 2ϩ but not NMDARs.
Pairing-LTD and TGU-LTD engage the same postsynaptic mechanisms
Because stimulation of thalamic afferents alone cannot evoke postsynaptic LTD at mature TC synapses, additional mechanisms may be necessary to unmask it. Acetylcholine (ACh) originating from the nucleus basalis and acting through muscarinic receptors is required for RF plasticity in the ACx of mature animals (Kilgard and Merzenich, 1998a,b; Weinberger, 2004; Froemke et al., 2007) . We therefore hypothesized that if TC plasticity is a cellular substrate of RF plasticity, then a similar mechanism should gate LTD at TC synapses. Accordingly, we paired 1 Hz electrical stimulation of thalamic afferents with bath application of the cholinergic receptor agonist carbachol (CCh) (5 M), and this protocol induced robust LTD (pairing-LTD) (58.2 Ϯ 8.2% of baseline; p ϭ 0.007; 5 of 6 neurons) (Fig. 3a) . Pairing-LTD was specific to the thalamic input; the control intracortical input that was exposed to CCh but did not receive 1 Hz stimulation was not depressed (105.1 Ϯ 8.8% of baseline; p ϭ 0.72; 0 of 6 neurons) (Fig. 3a) .
Thalamic stimulation and cholinergic activation were both necessary for pairing-LTD. Thus, 1 Hz thalamic stimulation alone was not sufficient to produce LTD at TC mature synapses (Fig. 1c) . Similarly, CCh alone was not sufficient to produce LTD of either EPSCs or IPSCs at TC mature synapses (102.7 Ϯ 2.5% of baseline for EPSCs, p ϭ 0.385; and 104.9 Ϯ 11.2% of baseline for IPSCs, p ϭ 0.70; 0 of 5 neurons) (Fig. 3b) . Despite robust LTD of TC EPSCs induced by the pairing protocol, the paired-pulse ratio (PPR) of two consecutive TC EPSCs did not change following induction, suggesting that pairing-LTD is similar to TGU-LTD in that it is expressed postsynaptically at mature TC synapses. Thus, PPR of EPSCs (50 ms interpulse interval) was 0.74 Ϯ 0.12 and 0.71 Ϯ 0.14 before and 60 min after induction of pairing-LTD, respectively ( p ϭ 0.85; 5 neurons).
Pairing-LTD was also mechanistically similar to TGU-LTD in that intracellular BAPTA prevented pairing-LTD (113.6 Ϯ 10.2% of baseline; p ϭ 0.232; 0 of 5 neurons) (Fig. 3c) , and pairing-LTD did not depend on NMDARs but did depend on group I mGluRs (Fig. 3d) . induced only a short-term depression of IPSCs that later recovered to 124.5 Ϯ 24.5% of baseline ( p ϭ 0.36; 0 of 6 neurons exhibited LTD of IPSCs) (Fig. 4a) . To directly test the role of inhibitory neurotransmission in pairing-LTD, we blocked IPSCs using the GABA A ion channel blocker picrotoxin. Because extracellular application of picrotoxin typically induces epileptic activity in slices (data not shown), we included picrotoxin (2-5 mM) in the intracellular solution. Intracellular picrotoxin effectively blocked IPSCs evoked by thalamic stimulation (Fig. 4b) without inducing epileptic activity in slices. We found that pairing-LTD of EPSCs was not inhibited by the presence of intracellular picrotoxin (58.6 Ϯ 9.1% of the baseline; p ϭ 0.01; 4 of 5 neurons) (Fig. 4c) , indicating that pairing-LTD does not depend on changes in inhibitory synapses.
M 1 muscarinic receptors are required for pairing-LTD Because postsynaptic TGU-LTD does not require cholinergic activation and pairing-LTD does, we hypothesized that cholinergic receptors that unmask TC LTD are involved presynaptically. To identify the nature of these receptors, we replaced CCh in the pairing protocol with agonists of muscarinic or nicotinic receptors. We found that muscarinic but not nicotinic receptors were necessary for pairing-LTD (Fig. 5) . When we replaced CCh with muscarinic agonists muscarine or pilocarpine, the mean EPSC decreased to 56.9 Ϯ 7.2% ( p ϭ 0.002; 6 of 6 neurons) of baseline with muscarine and to 52.8 Ϯ 11.8% ( p ϭ 0.034; 4 of 4 neurons) with pilocarpine (Fig. 5a) . In contrast, the mean EPSC did not deviate from baseline during the pairing protocol with nicotinic agonists nicotine (116.3 Ϯ 14.9%; p ϭ 0.189; 0 of 5 neurons) or epibatidine (104.5 Ϯ 10.4%; p ϭ 0.73; 0 of 5 neurons) (Fig. 5b) (Fig. 5c ).
Presynaptic muscarinic receptors control TC LTD
To test whether muscarinic receptors are involved presynaptically in the gating of pairing-LTD, we compared TGU-LTD and pairing-LTD in the presence of the muscarinic receptor antagonist atropine. For example, it is conceivable that glutamate uncaging could evoke local ACh release and thereby activate nearby postsynaptic cholinergic receptors. However, atropine was ineffective at blocking TGU-LTD (45.4 Ϯ 3.9% of baseline; p Ͻ 0.001; 6 of 6 neurons) (Fig. 6a) , which suggests that muscarinic receptors do not operate postsynaptically in TC LTD mechanisms. In contrast, atropine blocked pairing-LTD (99.4 Ϯ 9.6%; p ϭ 0.995; 0 of 9 neurons) (Fig. 6b) . Thus, the activation of muscarinic receptors appears to be required for this form of synaptic plasticity, and because they do not operate at the postsynaptic locus, muscarinic receptors most likely control TC LTD presynaptically.
M 1 muscarinic receptor activity enhances sustained neurotransmitter release at thalamic terminals during LTD induction To test directly whether muscarinic receptors affect neurotransmitter release from thalamic presynaptic terminals, we used twophoton imaging of FM 1-43 dye unloading from individual presynaptic boutons (the FM 1-43 assay). We have previously shown that by monitoring the activity-dependent decrease in fluorescence in presynaptic terminals due to exocytosis of FM 1-43-loaded synaptic vesicles, this assay can reliably measure the rate of neurotransmitter release from presynaptic terminals in brain slices (Zakharenko et al., 2001 (Zakharenko et al., , 2003 Earls et al., 2010) . We labeled thalamic presynaptic terminals in the ACx by electrically stimulating thalamic afferents at 10 Hz in the presence of the fluorescent dye FM 1-43. To prevent activation of postsynaptic neurons and to avoid polysynaptic activity, we performed these experiments in the presence of the AMPA receptor blocker NBQX (1.5 M). Thus, the presence of NBQX guaranteed that we measured rates of neurotransmitter release specifically at tha- lamic terminals. After loading FM 1-43 and washing out the extracellular dye (see Materials and Methods), we observed fluorescent puncta in the thalamorecipient layers of the ACx. These puncta represented stimulated presynaptic thalamic terminals loaded with FM 1-43 (Fig. 7a) . Subsequent stimulation of thalamic afferents that mimics induction of LTD (900 pulses at 1 Hz) unloaded the dye from thalamic terminals (Fig. 7a,b) . FM 1-43 destaining from each fluorescent bouton was fitted with a single exponential decay, and destaining rate [measured as the reciprocal value of FM 1-43 destaining half-times (1/t 1/2 )] was calculated.
We found that the rates of FM 1-43 unloading (and hence the rates of neurotransmitter release) from thalamic presynaptic terminals became significantly faster in the presence of CCh (Fig.  7b,c) . On average, the rates of FM 1-43 destaining in the presence of CCh increased to 0.00356 Ϯ 0.00014 s Ϫ1 (6 slices, 9 -25 boutons per slice) compared with that in control slices (0.00244 Ϯ 0.00022 s Ϫ1 ; 6 slices, 8 -28 boutons per slice; p ϭ 0.002). These results indicated that the activation of cholinergic receptors is sufficient to increase neurotransmitter release from thalamic afferents during LTD induction. To test whether M 1 Rs are responsible for this increase, we measured the rate of FM 1-43 destaining from thalamic afferents in the presence of CCh and the M 1 R blocker telenzepine. Telenzepine rescued the effect of CCh on thalamic presynaptic function (Fig. 7b,c) . On average, the rate of FM 1-43 destaining in the presence of CCh and telenzepine was 0.00199 Ϯ 0.00014 s Ϫ1 (6 slices, 14 -48 boutons per slice), which was significantly slower than that in the presence of CCh alone ( p Ͻ 0.001) but comparable with that in control slices ( p ϭ 0.123). These results indicate that the activation of M 1 Rs is sufficient to increase neurotransmitter release at thalamic afferents during the induction of TC LTD. Interestingly, the difference in the rates of FM 1-43 destaining between control and CCh-treated slices was not significant until 2 min after the beginning of 1 Hz stimulation (Fig. 7b) . This result suggests that cholinergic activation increases neurotransmitter release at thalamic afferents only during prolonged synaptic activity. This was confirmed when we measured the PPR of two consecutive thalamic EPSCs in the presence and absence of CCh. Although this assay of presynaptic function is not as direct as the FM 1-43 assay, PPR provides an estimate of short-term plasticity thought to be mediated through presynaptic mechanisms. The PPR of thalamic EPSCs did not significantly differ between control slices and slices treated with CCh (data not shown). This result confirmed that CCh without prolonged synaptic activity does not affect basal neurotransmitter release at TC synapses. However, FM 1-43 assays showed that prolonged synaptic stimulation (like that used during the induction of LTD) in the presence of CCh increased sustainability of neurotransmitter release at mature TC synapses. These data also suggest that a pattern of synaptic activity that more efficiently activates both glutamatergic and cholinergic inputs will be sufficient to unmask LTD at mature TC synapses.
Paired-pulse pattern of thalamic stimulations unmasks LTD at mature TC synapses
Previous reports indicated that a lowfrequency train of paired pulses of synaptic stimulation is sufficient to activate both glutamatergic and cholinergic inputs in the hippocampus (Volk et al., 2007; Jo et al., 2010) . Deafferented cholinergic fibers from remote nuclei maintain the capability to release ACh when stimulated extracellulary in acute hippocampal slices (Cole and Nicoll, 1983) . ACh is released from these fibers more efficiently when the paired-pulse pattern of extracellular stimulation is used. This pattern of synaptic stimulation induces stronger LTD at excitatory synapses of mature animals than does a single-pulse pattern of stimulation (Kemp and Bashir, 1999; Huber et al., 2000; Kemp et al., 2000) , and this LTD depends on M 1 Rs (Volk et al., 2007; Jo et al., 2010) . To test whether a train of paired-pulse stimulations (PPSs) is sufficient to unmask LTD at mature TC synapses, we used a 1 Hz train of paired pulses (900 pairs; 50 ms interpulse interval) applied to thalamic afferents. We found that, in contrast to a 1 Hz train of single pulses (Fig. 1c) , a 1 Hz train of PPS alone produced a strong LTD (PPS-LTD) at mature TC synapses (Fig. 8a) . On average, EPSCs decreased to 39.0 Ϯ 11.5% after PPS compared with baseline EPSCs ( p ϭ 0.004; 5 of 5 neurons), indicating that PPS alone is sufficient to unmask LTD at mature TC synapses. Similar to TGU-LTD and pairing-LTD, PPS-LTD was blocked in the presence of MPEP and CPCCOEt (107.9 Ϯ 8.6% of the baseline; 0 of 5 neurons; p ϭ 0.422). This result indicated that PPS-LTD operates through the same postsynaptic mechanisms as pairing-LTD and TGU-LTD (Fig. 8b) . PPS-LTD was also blocked by telenzepine (104.6 Ϯ 9.2% of baseline; 0 of 5 neurons; p ϭ 0.743), confirming that this form of synaptic plasticity is mediated by M 1 Rs (Fig. 8c) . These results suggest that a train of PPS applied to TC radiations is capable of releasing glutamate from TC projections and also activating cholinergic fibers. Together, these results and other data suggest that ACh release is sufficient to relieve presynaptic gating at TC synapses through activation of M 1 Rs, and with activation of postsyn- afferents is enhanced by activation of M 1 Rs and that these mechanisms may underlie presynaptic gating of LTD at mature TC synapses. However, this M 1 R-mediated increase in presynaptic function can be detected only after 2 min of continuous 1 Hz synaptic stimulation. This activity-dependent enhancement of presynaptic function suggests that sustained synaptic stimulation of thalamic afferents causes the release of a cofactor with glutamate that negatively affects glutamate release. It also suggests that activation of presynaptic M 1 Rs modulates the action of this cofactor on presynaptic function. One candidate for this cofactor is adenosine, which is released from presynaptic terminals in an activity-dependent manner (Grover and Teyler, 1993; Mitchell et al., 1993; Yawo and Chuhma, 1993; Manzoni et al., 1994) and acts presynaptically by decreasing neurotransmitter release at excitatory synapses through activation of A 1 Rs ). In addition, several groups have reported negative cross talk between muscarinic receptors and A 1 Rs at presynaptic terminals (Worley et al., 1987; Bouron and Reuter, 1997; Oliveira et al., 2009) . We therefore tested the hypothesis that the release of presynaptic gating during TC LTD involves the adenosine-A 1 R pathway.
We found that the single-pulse induction protocol (900 pulses at 1 Hz) was sufficient to induce LTD (45.9 Ϯ 11.2% of baseline; p ϭ 0.012; 4 of 4 neurons) at mature TC synapses when A 1 R was blocked with 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) (1 M) (Fig. 9a) . Likewise, the single-pulse induction protocol alone readily induced LTD at mature TC synapses of mice lacking A 1 Rs (38.9 Ϯ 7.9% of baseline; p Ͻ 0.001; 5 of 5 neurons) (Fig. 9b) . LTD was also induced with this protocol (47.5 Ϯ 9.4% of baseline; p ϭ 0.007; 5 of 5 neurons) in the presence of ␣␤-mADP (100 M), an inhibitor of ecto-5Ј-nucleotidase, the enzyme that produces adenosine (Fig. 9c) . These data indicate that blockade of the adenosine-A 1 R pathway is sufficient to release LTD gating at mature TC synapses. MPEP and CPCCOEt blocked this form of LTD (100.4 Ϯ 11.6% of baseline; p ϭ 0.81; 0 of 6 neurons), indicating that it is expressed through the same postsynaptic group I mGluR-dependent mechanisms as pairing-LTD, TGU-LTD, and PPS-LTD (Fig. 9d) . Thus, these results demonstrate that either activation of M 1 Rs or inhibition of the adenosine-A 1 R pathway is sufficient to release a presynaptic gate that prevents the expression of LTD at mature TC synapses. To test whether these two mechanisms are within the same pathway, we performed occlusion experiments in which we sequentially induced pairing-LTD and LTD in the presence of DPCPX. We hypothesized that LTD will be enhanced after sequential induction of pairing-LTD and A 1 R-dependent LTD if the adenosine-A 1 Rand M 1 R-gating mechanisms operate through different pathways or that LTD will be occluded if these mechanism are within the same pathway. We first showed that pairing-LTD saturates after the first round of induction (data not shown). We then found that LTD in the presence of DPCPX was occluded by pairing-LTD (Fig. 9e) , indicating that M 1 Rs and the adenosine-A 1 R machinery operate within the same pathway that gates LTD at mature TC synapses. Although the pairing protocol reduced EPSCs to 55.9 Ϯ 5.1% of baseline ( p Ͻ 0.001; 6 of 6 neurons), subsequent 1 Hz stimulation in the presence of DPCPX failed to further depress EPSCs (62.0 Ϯ 5.6% of initial baseline; p ϭ 0.567; 0 of 6 neurons). We reinforced our conclusion with the reverse experiment. We found that pairing-LTD was occluded by LTD induced in the presence of DPCPX (Fig. 9f ) . Although EPSCs were depressed to 58.9 Ϯ 9.3% of baseline ( p ϭ 0.024; 5 of 6 neurons) after 1 Hz synaptic stimulation in the presence of DPCPX, a subsequent pairing protocol did not depress EPSCs further (54.5 Ϯ 8.4% of initial baseline; p ϭ 0.44; 1 of 6 neurons).
Next, we sought to determine the relationship between M 1 Rs and the adenosine-A 1 R machinery in the presynaptic gating of TC LTD. We reasoned that inhibition of M 1 Rs will be ineffective at blocking the LTD induced by A 1 R inhibition if the adenosine-A 1 R machinery operates downstream of M 1 R activation. Alternatively, if the adenosine-A 1 R machinery operates upstream of M 1 Rs, then M 1 R inhibitors will block LTD induced by A 1 R inhibition. We tested these alternatives using the FM 1-43 assay and LTD in the presence of both DPCPX and telenzepine. First, we found that DPCPX increases neurotransmitter release at thalamic terminals (Fig. 9g) . Second, telenzepine was ineffective at blocking the DPCPX-mediated increase in neurotransmitter release (Fig. 9g,h) . The rates of FM 1-43 destaining in the presence of DPCPX and telenzepine (0.00404 Ϯ 0.00041 s Ϫ1 ; 7 slices, 12-92 boutons per slice) were not significantly different from that in the presence of only DPCPX (0.00442 Ϯ 0.00072 s
Ϫ1
; 6 slices, 11-51 boutons per slice; p ϭ 0.646). However, these rates were substantially faster than those of control slices (0.00245 Ϯ 0.00018 s
; 5 slices, 26 -86 boutons per slice; p ϭ 0.013). These results suggested that the adenosine-A 1 R machinery operates downstream of M 1 Rs to presynaptically gate TC LTD. To test this hypothesis directly, we induced TC LTD by using a single-pulse protocol in the presence of A 1 R and M 1 R inhibitors. LTD induced in the presence of DPCPX persisted in the presence of telenzepine (54.6% Ϯ 9.1% of baseline; 4 of 5 neurons; p ϭ 0.008) (Fig. 9i) . Together, these results suggest that the activation of presynaptic M 1 Rs downregulates the adenosine-A 1 R machinery and thereby relieves presynaptic gating of LTD at mature TC synapses. Once the presynaptic gating is relieved and glutamate release can be maintained during prolonged stimulation, TC synapses express LTD through postsynaptic mechanisms that depend on group I mGluRs (Fig. 10) .
Discussion
Neural circuits are highly susceptible to outside influences early in life. The formation of RFs in the ACx is governed by acoustic experience during the early neonatal period; at that time, cortical networks are especially plastic (Katz and Shatz, 1996; Zhang et al., 2001; Chang and Merzenich, 2003; Hensch, 2005; de VillersSidani et al., 2007; Dorrn et al., 2010) . This sensitivity to sensory activity early in life is believed to be crucial for children to develop stable representations of the auditory world (Doupe and Kuhl, 1999; Tallal and Benasich, 2002; Dorrn et al., 2010) . Upon maturation, these cortical networks become less plastic in response to passive acoustic activity but undergo plastic changes if acoustic activity becomes behaviorally relevant or paired with the activation of cholinergic inputs (Bakin and Weinberger, 1996; Kilgard and Merzenich, 1998a; Weinberger, 2004 Weinberger, , 2007b Ma and Suga, 2005; Froemke et al., 2007; Keuroghlian and Knudsen, 2007) . Here, we have shown that TC synapses may account for these properties of RF plasticity in the ACx. We have shown that, in brain slices containing the auditory thalamus and ACx, synaptic plasticity at TC synapses is not lost upon maturation, but rather mature TC synapses acquire gating mechanisms that are released if cholinergic receptors are activated. Thus, the properties of long-term synaptic plasticity at mature TC inputs in the ACx in brain slices resemble those of RF plasticity in vivo. This finding implicates synaptic plasticity at TC inputs as a cellular substrate of RF plasticity in the ACx and creates opportunities to address new questions regarding the cellular and molecular mechanisms of sensory memory in vitro.
In this paper, we unmasked LTD at mature TC synapses and sought to elucidate mechanisms of its expression and gating. Because we identified this form of synaptic plasticity at mature TC synapses, here we propose that the previously observed critical period for synaptic plasticity described at TC synapses is not due to the actual loss of plastic mechanisms at these synapses but rather to the development of gating mechanisms that limit sustained release of glutamate from thalamic afferents. The absence of a critical period for anatomical changes of thalamic afferents was also recently proposed in the somatosensory cortex (Wimmer et al., 2010) . Using two-photon glutamate uncaging at individual thalamic inputs, we determined that LTD at mature TC synapses is expressed postsynaptically and requires an increase in the intracellular calcium in postsynaptic neurons via activation of postsynaptic group I mGluRs. This form of synaptic plasticity can be also induced at these synapses by using synaptic stimulation if it is paired with the activation of M 1 Rs. Thus, we concluded that M 1 Rs are involved in gating of LTD at mature TC synapses. Because the muscarinic antagonist blocked pairing-LTD but not TGU-LTD, we concluded that M 1 R-dependent gating of LTD occurs presynaptically. The FM 1-43 assay confirmed that activation of M 1 Rs enhances a sustained neurotransmitter release in thalamic presynaptic boutons.
Using direct measures of presynaptic and postsynaptic function at individual synapses, we determined that group I mGluRs and M 1 Rs operate at different cellular loci to produce TC LTD: group I mGluRs are responsible for expression of LTD at the postsynaptic site and M 1 Rs presynaptically gate induction of this form of synaptic plasticity. Although these receptors operate at different cellular loci, inhibition of either one leads to the blockade of TC LTD. Requirements of M 1 Rs and mGluRs have been shown at other synapses by using electrophysiological techniques such as measurements of the PPRs of postsynaptic responses (Volk et al., 2007; Kamsler et al., 2010) . However, that approach is less sensitive than TGU and the FM 1-43 assay in distinguishing between contributions of postsynaptic and presynaptic loci in synaptic plasticity (Blundon and Zakharenko, 2008 ). In contrast to TGU and FM 1-43 assays, PPR measurements also cannot distinguish changes that occur at postsynaptic or presynaptic sites during sustained activity such as that required for LTD induction.
Although previous reports have demonstrated a permissive role of M 1 Rs in TC LTD (Kirkwood et al., 1999; Choi et al., 2005) , the cellular locus of their operation during LTD and their relationship to mGluRs has remained controversial. For instance, one group reported that mGluR-dependent LTD is blocked by M 1 R antagonists, and LTD produced by muscarinic agonists occludes mGluR-dependent LTD in the hippocampus (Volk et al., 2007) . Because M 1 Rs and group I mGluRs both activate similar intracellular machinery that involves activation of protein kinase C via a q-type G-protein-coupled cascade (Oliet et al., 1997; Hasselmo, 1999; Malenka and Bear, 2004) , those investigators concluded that group I mGluR-dependent mechanisms and M 1 R-dependent mechanisms converge in the postsynaptic locus to produce LTD. Another group performed electrophysiological characterization of LTD in mutant mice lacking M 1 Rs in presynaptic CA3 hippocampal neurons and concluded that M 1 Rs and group I mGluRs may be needed in the presynaptic locus to produce mGluR-dependent LTD at CA3-CA1 synapses (Kamsler et al., 2010) . Using TGU, which bypasses neurotransmitter release and therefore is a direct indicator of postsynaptic function, we showed that mGluR-dependent LTD at mature TC synapses is expressed postsynaptically. Using the FM 1-43 assay, a direct indicator of presynaptic function, we also showed that M 1 Rs do not operate postsynaptically but rather gate mGluR-dependent LTD at the presynaptic locus through the downregulation of the adenosine machinery, which in turn leads to a more sustained neurotransmitter release during LTD induction at thalamic afferents.
Previous electrophysiological data were inconclusive about the presence of mGluRs at thalamocortical synapses. Lee and Sherman (2008) reported that a high-frequency train of thalamic stimulation failed to produce a postsynaptic response in layer IV neurons of somatosensory and ACx in the presence of ionotropic Figure 10 . Model of presynaptic gating of postsynaptically expressed mGluR-dependent LTD at mature TC synapses. LTD is expressed postsynaptically through mGluR-dependent mechanisms only when presynaptic gating is released and prolonged presynaptic activation produces a sufficient amount of glutamate at TC synapses. Presynaptic gating can be released when presynaptic M 1 Rs are activated and the autocrine adenosine-A 1 R machinery is downregulated.
glutamate and GABA receptor blockers. However, mGluR blockers effectively inhibited TC EPSCs in the somatosensory cortex (Mateo and Porter, 2007) . Here, we show that mGluR antagonists completely block TC LTD induced by four different experimental approaches: pairing of a prolonged thalamic stimulation with activation of M 1 Rs or inhibition of A 1 Rs, a train of paired-pulse thalamic stimulation, and two-photon uncaging at a single TC synapse. Thus, these experiments provide strong evidence that group I mGluRs are not only present at TC synapses but also important for postsynaptic mechanisms of TC LTD.
Several mechanisms have been proposed to contribute to the closing of the critical period for synaptic plasticity in sensory cortices (Daw et al., 1992; Foeller and Feldman, 2004; Hirata and Castro-Alamancos, 2006; Morishita et al., 2010) . Among these are changes in NMDAR composition (Carmignoto and Vicini, 1992) and maturation of GABAergic inhibition (Kirkwood and Bear, 1994; Hensch et al., 1998) , both of which occur during development. However, LTD that we unmasked at mature TC synapses neither required NMDARs nor was influenced by the inhibition of GABAergic transmission (Dudek and Friedlander, 1996) . These results suggest that neither of these mechanisms regulates the critical period for TC LTD in the mature ACx. Activation of presynaptic M 1 Rs was sufficient to unmask TC LTD in slices from animals aged beyond the critical period, which is consistent with in vivo results showing that TC synapses remain plastic during adulthood (Heynen and Bear, 2001; Dringenberg et al., 2007) but require additional mechanisms for unmasking this plasticity.
How presynaptic M 1 Rs gate TC LTD is the focus of ongoing research. Activation of these receptors may lead to activation of protein kinase C, which in turn may increase the probability of glutamate release (Malenka et al., 1986; Shapira et al., 1987) . Alternatively, M 1 Rs may be involved in the generation of an autocrine cofactor that is released with glutamate from thalamic presynaptic terminals during LTD induction and positively regulates glutamate release. The third scenario may involve M 1 Rs negatively regulating the release of a presynaptic cofactor that is a negative regulator of neurotransmitter release. The latter two scenarios are supported by the fact that cholinergic activation increases neurotransmitter release at TC synapses not before or at the initiation of LTD induction, but ϳ2 min after initiation of LTD induction. We are inclined to think that TC LTD is gated through the third scenario, in which adenosine, a negative regulator of neurotransmitter release, is coreleased with glutamate from thalamic afferents during induction of LTD. We showed that the effect of adenosine on presynaptic gating is mediated through A 1 Rs. Because A 1 R is a well known negative regulator of neurotransmitter release at excitatory glutamate synapses (Dunwiddie et al., 1981; Dunwiddie and Masino, 2001) , we hypothesize that mature thalamic terminals release both glutamate and adenosine during synaptic stimulation, as was previously suggested for other neurotransmitters (Nicholls, 1995) . Thus, prolonged synaptic stimulation that occurs during induction of LTD may gradually accumulate adenosine and thereby progressively inhibit glutamate release at the same synapse in an activitydependent manner. Consistent with this hypothesis, inhibition or deletion of A 1 Rs or inhibition of adenosine production is sufficient to release this presynaptic gate and enable group I mGluRdependent LTD at mature TC synapses.
We also hypothesized that activation of M 1 Rs negatively regulates the adenosine-A 1 R machinery at thalamic presynaptic terminals. Through this double-negative regulation, activation of M 1 Rs increases neurotransmitter release during prolonged synaptic activity that occurs during the induction of LTD. The exact mechanisms by which M 1 Rs regulate the adenosine-A 1 R machinery is not clear. It remains to be seen whether M 1 R activation leads to decreased adenosine production or downregulation of A 1 Rs in the presynaptic terminals. Regardless of the nature of molecular mechanisms that connect M 1 Rs to TC LTD, here we present evidence that the activation of these receptors increases sustainability of neurotransmitter release from thalamic afferents during LTD induction, and that this is sufficient to unmask postsynaptically expressed mGluR-dependent LTD at mature TC synapses.
Recent reports have indicated that, although TC axons are thought to comprise one of the most powerful projections in the brain (Stratford et al., 1996; Gil et al., 1999) , individual TC synapses are weak (Bruno and Sakmann, 2006 ) and respond to synaptic stimulation with low fidelity (Richardson et al., 2009 ). Thus, increased neurotransmitter release due to M 1 R activation may increase sustained synaptic transmission during 1 Hz induction of LTD, and this train of prolonged glutamate release may be sufficient to activate postsynaptic mGluRs to an extent that leads to successful expression of LTD at mature TC synapses. Without activation of M 1 Rs, low fidelity of synaptic transmission and progressive depression of TC synaptic transmission during LTD induction may lead to insufficient neurotransmitter release, insufficient activation of mGluRs, and thus the failure to express LTD. This idea is consistent with the ability of a train of glutamate uncaging pulses to induce LTD at individual thalamic inputs. By design, the fidelity and sustainability of glutamate release is maximal during a train of two-photon glutamate uncaging; therefore, the induction of LTD via TGU alone is sufficient to express LTD at mature TC synapses.
The ability of an animal to adjust its behavior in response to constantly changing environmental stimuli is adaptive, as it enables improved behavioral performance in sensory-guided tasks. Neurons of the primary ACx can shift their frequency responses toward behaviorally important acoustic frequencies and away from other acoustic frequencies. These bidirectional shifts in RF tuning occur simply with passive tone exposure in young animals but require attention (which includes association with reward or punishment) in adult animals. The ability of young animals to shift RF tuning in the absence of associative cues corresponds to the ease at which TC synaptic plasticity can be expressed in the absence of any modulatory inputs, requiring only thalamic stimulation. Conversely, the added requirement of associative cues during the auditory training of adult animals parallels the appearance of an ACh-dependent gating mechanism that must first be released before TC synaptic plasticity is expressed.
An added synaptic plasticity requirement of modulatory inputs in mature animals may be viewed as overly restrictive and even maladaptive. However, the expression of a neuromodulatory gate that links sensory learning to associative cues in adults allows for increased behavioral performance that is specific to nonrandom sensory cues that are relevant and reinforced. ACh may be released at the time of sensory experience if that experience triggers attention or recognition from top-down brain circuits such as the associative ACx or prefrontal cortex. Both of these circuits project to cholinergic neurons of the nucleus basalis (Fritz et al., 2007) , which then project directly to the primary ACx. Reward or punishment feedback cues following the behavioral response to sensory input also result in ACh release to the primary ACx via limbic system cascades to the nucleus basalis (Weinberger, 2007a) . Thus, the presence of elevated levels of synaptic ACh may occur with every stimulus that is either novel, recognized, or reinforced, and may serve to either enhance TC synaptic connections relaying highly repeated stimuli or to depress less active sensory input connections. These bidirectional changes in synaptic strength may underlie bidirectional changes in RFs observed during learning. This also implies that mature TC synapses may undergo not only LTD described here but also long-term potentiation. Future experiments will show if releasing presynaptic gating is sufficient to express long-term potentiation at mature TC synapses.
In conclusion, our data suggest that, in auditory brain slice preparations, TC synapses do not lose their synaptic plasticity upon maturation but rather acquire gating mechanisms that lessen the sustained neurotransmitter release from thalamic afferents. Activation of presynaptic M 1 Rs relieves this gating and maintains sustained neurotransmitter release at thalamic terminals during LTD induction, thereby allowing mature TC synapses to express mGluR-dependent LTD postsynaptically. Because gating properties of TC synaptic plasticity closely resemble those of RF plasticity recorded in the ACx in vivo, we propose that plastic changes at TC synapses may be a cellular substrate of experiencedependent RF plasticity in sensory cortices.
